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Abstract
Rhodium-catalyzed reactions of tertiary propargylic alcohols with methyl aryl- and
styryldiazoacetates result in tandem reactions, consisting of oxonium ylide formation followed by
[2, 3]-sigmatropic rearrangement. This process competes favorably with the standard O—H
insertion reaction of carbenoids. The resulting allenes are produced with high enantioselectivity
(88–98% ee) when the reaction is catalyzed by the dirhodium tetraprolinate complex, Rh2(S-
DOSP)4. Kinetic resolution is possible when racemic tertiary propargylic alcohols are used as
substrates. Under the kinetic resolution conditions, the allenes are formed with good
diastereoselectivity and enantioselectivity (up to 6.1:1 dr, 88–93% ee) and the unreacted alcohols
are enantioenriched to 65–95% ee. Computational studies reveal that the high asymmetric
induction is obtained via an organized transition states involving a two-point attachment: ylide
formation between the alcohol oxygen and the carbenoid and hydrogen bonding of the alcohol to a
carboxylate ligand. The 2,3-sigmatropic rearrangement proceeds through initial cleavage of the
O-–H bond to generate an intermediate with close-lying open-shell singlet, triplet and closed-shell
singlet electronic states. This intermediate would have significant diradical character, which is
consistent with the observation that the 2,3-sigmatropic rearrangement is favored with donor/
acceptor carbenoids and more highly functionalized propargylic alcohols.

INTRODUCTION
Metal-carbenoid insertions into X—H bonds (X = C, O, N, etc.) have been extensively
studied over the last few decades. 1 In particular, metal-carbenoid insertions into O—H
bonds have received considerable attention as an effective method for the synthesis of α–
alkoxy and α–hydroxy carbonyl compounds, which are important motifs in natural products
and pharmaceutical targets.2 These O—H insertion reactions are believed to proceed,
mechanistically, via formation of an oxonium ylide followed by a proton transfer. Although
some chiral copper catalysts result in O—H insertion with high levels of asymmetric
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induction, but in general no asymmetric induction is observed in rhodium-catalyzed
reactions.3,4

Recently, we discovered that the rhodium(II)-catalyzed reactions of donor/acceptor
carbenoids with highly substituted allyl alcohols do not lead to O—H insertion products.5,6
Instead, a tandem oxonium ylide formation/[2, 3]-sigmatropic rearrangement process occurs.
The discovery of this new unexpected reaction pathway between carbenoids and alcohols
has prompted us to explore the reactions of donor/ acceptor carbenoids with propargylic
alcohols. A similar tandem oxonium ylide formation/[2, 3]-sigmatropic rearrangement
would generate α–hydroxy allenes (Scheme 1).7 Herein we report the results of this study,
which includes both experimental results to define the scope of the transformations and
computational studies to explain why this reaction is favored over O—H insertions for
reactions with donor/acceptor carbenoids and highly functionalized propargylic alcohols.

RESULTS AND DISCUSSION
Wood and coworkers have previously explored the reactions of carbenoids with propargylic
alcohols using α- diazoketones as the carbenoid precursors.8 The reaction of diazoketone 1
with propargyl alcohol generates an alkoxy enol intermediate 2, which undergoes either a [3,
3]- sigmatropic rearrangement to give α–hydroxy allene 3 when the electron rich catalyst
Rh2(cap)4 is used or a [2, 3]-sigmatropic rearrangement to give the isomeric α–hydroxy
allene 4 when the electron deficient catalyst Rh2(tfa)4 is used (Scheme 2). However, as the
Wood protocol generates 4 via the intermediacy of the planar enol 2, this mechanism would
be expected to preclude the transfer of any asymmetric induction generated during ylide
formation into the final product 4. Indeed, when we replicated this reaction using our
standard chiral catalyst, Rh2(S-DOSP)4, we obtained the α– hydroxy allene 4 in modest
yield with no asymmetric induction.

We hypothesized that enol formation would be suppressed if a diazoester was used instead
of a diazoketone as the carbenoid precursor. Therefore, we examined the Rh2(S-DOSP)4-
catalyzed reactions of diazoacetates 5a–d with a series of functionalized propargyl alcohols
6 (Table 1). The reaction of phenyldiazoacetate 5a with propargyl alcohol (6a) gave none of
the allene product (entry 1). Instead, the O—H insertion product 7a was isolated in 50%
yield, and as is typical of rhodium-catalyzed O—H insertions, 7a was formed with no
asymmetric induction. We knew from our studies with allyl alcohols, that the [2, 3]
sigmatropic rearrangement of the oxonium ylide is favored when the allyl group is more
highly substituted.5 The reaction of 5a with the tertiary propargylic alcohol 6b did result in
the formation of the [2, 3]-sigmatropic rearrangement product 8b in 42% yield and 27% ee
(entry 2). The racemic O—H insertion byproduct 7b was still formed, albeit in diminished
yield (12%). Further improvement was seen when an even more highly substituted
propargylic alcohol, 2-methyl-3-hexyn-2- ol (6c), was used as the substrate (entry 3). The [2,
3]-sigmatropic rearrangement product 8c was cleanly formed in 61% isolated yield with
79% ee. An increase in asymmetric induction occurred on lowering the reaction temperature
to 0 °C, and under these conditions, compound 8c was cleanly formed in 85% isolated yield
with 85% ee (entry 4).

The competition between allene formation and O—H insertion is highly dependent on the
nature of the carbenoids. The reaction of 6c with ethyl diazoacetate (5b) gave only the O—
H insertion product 7d (entry 5). The reaction of 6c with methyl diazomalonate (5c) gave a
7:1 mixture of [2, 3]-sigmatropic rearrangement product 8e and the O—H insertion product
7e, and 8e was isolated in 59% yield (entry 6). The most impressive result was obtained
from the reaction of 6c with styryldiazoacetate 5d. This reaction cleanly formed the [2, 3]-
sigmatropic rearrangement product 8f, which was isolated in 74% yield with 96% ee (entry
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7). These results indicate that donor/acceptor carbenoids are the best-suited carbenoids for
the tandem oxonium ylide formation/[2, 3]-sigmatropic rearrangement of propargylic
alcohols under these conditions.

The reactions of 6c can be extended to a series of styryldiazoacetates 9 (Table 2).
Styryldiazoacetates with electron-withdrawing groups such as Br-, CF3, Cl- on the aryl
group were tolerated in the reaction and [2, 3]-sigmatropic rearrangement product 10a—e
were formed with good yield and very high levels of enantioselectivity (entries 1–4, 77–85%
yield, 85–97% ee). However, the reaction with styryldiazoacetate 9e, containing electron-
donating groups on the aryl ring, gave low yield of 10e (34%, entry 5), although the
enantioselectivity was still high (92% ee). In all of these cases, the O—H insertion product
was not observed (ratio of [2, 3]-sigmatropic rearrangement/O—H insertion: >20:1).

The reaction was applied to a range of propargylic alcohols 11 as illustrated in Table 3. The
styryldiazoacetate 5d was used as the reference system. The desired [2, 3]-sigmatropic
rearrangement products were obtained with uniformly excellent levels of enantioselectivity.
In all cases the O—H insertion product was not observed. Alkyl groups (linear or cyclic,
entries 1–6), TBS protected alcohols (entries 7–8) and substituents containing phenyl groups
(entries 9–12) were all compatible with this reaction. This suggests that the allene formation
is a highly favorable process as many of these substrates have potentially active sites for C
—H functionalization or cyclopropanation. Alcohols with very bulky R groups, such as t-
butyl and trimethylsilyl, however, gave only moderate yields of product (entries 13-14). The
absolute configuration of 12e was determined by X-ray crystallography (see Supporting
Information) and the absolute configuration of the other products was assigned by analogy.

The reaction could also be extended to propargylic alcohols, 13a–c, containing cyclic
subunits as shown in Scheme 3. In each case the allenes 14a–c were cleanly formed in 69-
85% yield with 88-95% ee.

The reactions described so far generate allenes with a single stereogenic center. In order to
challenge the reaction further, substrates were examined in which two new stereogenic
centers would be generated (Table 4). It was envisioned that the size difference between
methyl and the second alkyl group, c-hexyl, i-Pr, or t-Bu could lead to kinetic resolution of
chiral racemic propargylic alcohols. Several examples of kinetic resolution are known in
carbenoid chemistry,9 but none of these examples involve the reaction of carbenoids with
alcohols. The reaction of racemic alcohol 15a with styryldiazoacetate 5d gave moderate
diastereocontrol and the allenic alcohols 16a and 17a were formed in 6.1:1 dr and in a
combined yield of 49% (entry 1).10 The major diastereomer 16a was formed in 88% ee.
Under these reaction conditions 15a was recovered in 35% yield and was found to be
enriched to 95% ee, confirming that we were indeed observing a kinetic resolution of the
starting material. Similar results were obtained for the i-Pr and t-Bu derivatives, 15b and 15c
(entries 2 and 3).

In order to further understand the stereochemical outcome with chiral alcohols, we carried
out the reaction with enantiomerically enriched alcohols, (R) and (S)-15a, which were
obtained by conducting the reaction of racemic 15a with 5d on a larger scale (5 mmol) with
either Rh2(S-DOSP)4 or Rh2(RDOSP)4 as the catalyst (see Supporting Information for
details). The results of the reactions of styryldiazoacetate 5d with enantiomeric enriched 15a
are summarized in Table 5. We observed distinct matched/mismatched reactions. For
example, the reaction of (S)-15a with Rh2(S-DOSP)4 or (R)-15a with Rh2(R-DOSP)4
resulted in the formation of 16a in high yield with extremely high diastereo- and
enantioselectivity (>20:1 dr, >99% ee, Table 5, entries 1 and 3). In the mismatch situation,
(S)-15a with Rh2(R-DOSP)4 or (R)-15a with Rh2(SDOSP)4, much inferior results were
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obtained (Table 5, entries 2 and 4). The diastereoselectivity was low (~2:1 dr), favoring 17a.
Although compound 17a was formed in 96–97% ee, the formation of the minor
diastereomer was less enantioselective (51–59% ee). Compound 16a from the reaction of
(S)-15a and Rh2(S-DOSP)4 (entry 1, >99% ee) was recrystallized from cold hexanes, and
the resulting crystals were analyzed by X-ray crystallography. The configuration of the
tertiary alcohol in 16a was determined by X-ray crystallography and agrees with the
determined absolute configuration of 12e. The configuration of the allene component of 16
is (S) (see Supporting Information). The configurations of 16b and 16c were assigned by
analogy to 16a. A similar kinetic resolution was conducted with the racemic alcohol 18
(Scheme 4). The recovered alcohol from the Rh2(S-DOSP)4-catalyzed reaction was assigned
as (R)-18 from comparison of its optical rotation with literature values (recovered (R)-18:
96% ee, [α]20

D : +1.94° (c 6.03, Et2O). lit. (+1.44° (c 6.03, Et2O)).11 On the assumption
that the same sense of kinetic resolution would be observed with the propargylic alcohols 15
and 18, the recovered alcohols 15 from the Rh2(S-DOSP)4-catalyzed reactions were
assigned as (R) configurations.

The stereoselective conversion of chiral allenic alcohol into 2,5-dihydrofuran has been
extensively studied,12,13 and also successfully applied to the total synthesis of complex
natural products such as amphidinolide X and Y,14 and boivinnianin B.15 The highly
substituted allenic alcohol 16a can also be easily transformed into various 2,5-dihydrofuran
derivatives with excellent chirality transfer (Scheme 5). Treatment of 16a with AgNO3 and
CaCO3 provided dihydrofuran 20, while treatment with NBS provided the
bromodihydrofuran 21 with two quaternary stereogenic centers at the 2,5-positions of the
dihydrofuran, and both product were formed in good yield and >99% ee.

MECHANISTIC DFT STUDIES
The allene formation is believed to occur via ylide formation, followed by a [2, 3]-
sigmatropic rearrangement of the rhodium-associated ylide. Normally, racemic O—H
insertion occurs readily in the presence of alcohols with most rhodium carbenoids and,
indeed, this is observed with simple propargylic alcohols in this study. Computational
studies on the O—H insertion mechanism of rhodium carbenoids with water has been
reported,4,16 and the reaction preferentially goes through a pathway involving a free enol,
thereby losing any asymmetric induction that may be generated during ylide formation.4

Considering the high levels of asymmetric induction observed in the tandem oxonium ylide
formation/[2, 3]-sigmatropic rearrangement, a more detailed mechanistic investigation of the
[2, 3]-sigmatropic rearrangement was warranted. These studies could shed light to
understanding the following vital questions: (1) what are the factors that govern partitioning
between O—H insertion and the [2, 3]-sigmatropic rearrangement? (2) why is [2, 3]-
sigmatropic rearrangement so strongly favored with donor/acceptor carbenoids and more
highly functionalized propargylic alcohols?, (3) why is ylide formation so highly
enantioselective?, and (4) what is the mechanism of the chirality transfer during the [2, 3]-
sigmatropic rearrangement?

For these purposes, we conducted detailed DFT calculations on ylide formation followed by
either the O—H insertion or the [2, 3]-sigmatropic rearrangement pathways.17 The study
was conducted on an unsubstituted vinylcarbenoid reacting with both the primary
propargylic alcohol 6a, which favors O—H insertion, and the highly substituted propargylic
alcohol 21a, which favors the [2, 3]-sigmatropic rearrangement.
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The calculated17,18 energies presented below were referenced to the reactants, i.e. VC-I plus
21a (6a), and presented as ΔH/ΔG(ΔGsol), where ΔH and ΔG are the gas-phase enthalpy
and Gibbs free energy, respectively. ΔGsol is calculated as ΔGs + [ΔG – ΔE], where ΔGs is
the PCM calculated free energy in solution, and ΔE is the gas-phase total energy.

Reaction of VC-I with 21a
A summary of the calculated reaction pathways between propargylic alcohol 21a and
vinylcarbenoid VC-I, formed through nitrogen extrusion reaction between Rh2(O2CH)4 and
methyl 2-diazobutenoate is illustrated in Figure 1. The reaction starts with the formation of a
prereaction complex PC-I, where propargylic alcohol 21a and vinylcarbenoid VC-I are
bound via two weak interactions: the (O2---H1) hydrogen bonding with d(O2---H1) = 2.316
Å and (O1---C1) bonding with d(O1---C1) = 2.884 Å. The weak (O1--- C1) bonding in PC-I
did not impact the hybridization state of the reactive sp2-hybridized carbenoid carbon (impr.
angle = 5°). From PC-I the reaction proceeds via the transition state TS-I, where the (O2---
H1) and (O1---C1) bonding became stronger (with d(O2---H1) = 1.917 Å) and d(O1---C1) =
1.966 Å), and the pyramidalization of C1 is more enhanced (impr. angle = 22°). This two-
point interaction, i.e. the (O2---H1) and (O1---C1) bonding, nascent in pre-reaction complex
PC-I and developed via transition state TS-I, defines the orientation of the allylic alcohol as
it approaches the carbenoid and is likely to be a crucial factor that impacts the high
asymmetric induction in this chemistry. A similar type of two-point interaction, involving
hydrogen-bonding to the carboxylate ligands has been observed in computational studies on
rhodium-catalyzed cyclopropenation of internal alkynes.19

The calculated relative energy of TS-I is ΔH/ΔG(ΔGsol) = - 5.8/10.2(12.0) kcal/mol.
Intrinsic reaction coordinate (IRC) calculations confirm that TS-I connects PC-I with ylide
YL-I intermediate: the calculated energy of singlet ground state of ylide intermediate YL-I
is −12.8/2.7(3.6) kcal/mol relative to reactants. The ylide YL-I has a reinforced hydrogen
(d(O2--- H1) =1.705 Å) and C–O bonding (d(O1---C1)=1.483 Å). The carbenoid center of
YL-I has strongly pyramidalized (impr. angle = 43°). One should mention that the ground
electronic states of PC-I, TS-I and YL-I are the closed-shell singlet states. Their triplet
states are significantly higher in energy (see below).

After formation of the YL-I intermediate the reaction may proceed via either of two distinct
pathways: (1) the [2, 3]-sigmatropic rearrangement or (2) proton transfer to the carbonyl
group (O1—H1 insertion). The diazo compound and the propargylic alcohol are the control
elements for which pathway will occur with donor/acceptor carbenoids and highly
substituted propargylic alcohols strongly favoring the [2, 3]-sigmatropic rearrangement. The
[2, 3]-sigmatropic rearrangement, as shown in the literature, may proceed via a concerted
pathway or in a stepwise fashion, involving either homolytic or heterolytic bond cleavage/
recombination mechanisms.20 Calculations show that singlet YL-I undergoes heterolytic
C2—O1 bond cleavage with almost no energy barrier at the singlet transition state TS-II-A:
the energy of the closed-shell singlet TS-II-A is calculated to be −13.2/2.6(3.2) kcal/mol
relative to singlet reactants. IRC calculations confirm that singlet TS-II-A connects singlet
YL-I with the closed-shell singlet intermediate I-I, which is −13.9/−7.4(-2.8) kcal/mol
lower in energy than reactants.
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The homolytic C2—O1 bond cleavage of YL-I proceeds via a triplet TS-II-A transition
state, which is calculated to be 1.5/14.1(14.1) kcal/mol higher in energy than singlet state
reactants, i.e. VC-I + 21a. These values are over 10 kcal/mol higher than those for the
singlet state TS-II-A. IRC calculations confirm that triplet TS-II-A connects the triplet YL-
I (which is calculated to be 13.6/9.0(8.9) kcal/mol higher than its singlet ground state) with
the triplet intermediate I-I. The energy barrier at triplet TS-II-A, calculated from the triplet
YL-I, is found to be only 0.7/2.4(1.6) kcal/mol. Unlike the pre-reaction complex YL-I and
transition state TS-II-A, intermediate I-I has close-lying singlet and triplet states: closed-
shell singlet, open-shell singlet and triplet states with energy of −13.9/−7.4(−2.8),
−15.8/−3.3(−2.3) and −14.7/−4.5(−2.7) kcal/mol, respectively.

The data discussed in the preceding paragraph suggest that the reaction involves the closed-
shell singlet states of YL-I and TS-II-A, because of calculated large singlet-triplet in these
systems. However, the electronic structure of the intermediate I-I is less obvious, since its
closed-shell singlet, open-shell singlet and triplet states are close in energy. Thus, one
should employ DFT-based methods to I-I with caution. In this case, the multi-determinant
approaches, such as CASSCF and MRD-CI, are required to identify degree of radical
character in total wave-function of I-I. However, such methods have a significantly higher
computational cost than DFT and their use is beyond the scope of the present work.

Thus, we conclude that the reaction YL-I → TS-II-A → II starts from the closed-shell
singlet pre-reaction complex YLI, proceeds via closed-shell singlet (“reactant-like”)
transition state TS-II-A, and leads to intermediate I-I with several lower- lying electronic
states. In other words, this reaction proceeds via heterolytic C2—O1 bond cleavage
mechanism, but leads to product with a significant diradical (i.e. homolytic C2—O1 bond
cleavage) character. In order to estimate the region of the potential energy surface (PES)
where the singlet and triplet states may cross, we did scan it for all three states (closed-shell
singlet, open-shell singlet and triplet states) starting from the intermediate I-I by fixing of
C2-O1 (reaction coordinate leading back to the starting material) bond distances but
optimizing all other parameters. These calculations clearly indicate that closed-shell and
open-shell states cross in the vicinity of intermediate I-I. Thus, in this simplified model
system the transition state TS-II-A has no significant radical character.

The performed Mulliken spin density analyses are consistent with the above-presented
findings. Indeed, in triplet state of YL-I two α-spins are located, mostly, on the Rh1 [1.15 |
e|], Rh2 [0.49 |e|] and C6 [0.20 |e|] centers. Spin density distribution in the triplet state
transition state TS-II-A is very similar to that for pre-reaction complex YL-I: Rh1 [1.17 |e|],
Rh2 [0.43 |e|] and C6 [0.22 |e|]. However, in case of intermediate II the most portion (~1.15
e) of two α-spins is located on substrate 21a: in triplet I-I spin density is distributed as Rh2

[0.29 |e|], C1[0.29 |e|], C2[0.65 |e|], C4[0.51 |e|] and C6[0.47 |e|]. Thus, the electronic
structure of transition state TS-II-A is very much “reactant-like”. However, progression of
the reaction via YL-I → TS-II-A → I-I is accompanied by significant spin buildup at the
reactive (at the next stage of the reaction) carbon centers (C1, C2 and C4) that facilitates the
allene formation (C4-C1 formation) via a radical coupling mechanism. It is expected that
having alkyl substituents on the propargylic alcohol and electron-donating groups on the
carbenoid fragment will further promote spin build-up on the reactive carbon centers and
stabilize transition state TS-II-A associated with [2, 3]-sigmatropic rearrangement by
making its total wavefunction more “product-like”. This conclusion is in excellent
agreement with our experimental findings presented in Table 1. Neither the reaction of ethyl
diazoacetate with a trialkylated propargylic alcohol (entry 5) nor the reaction of methyl
phenyldiazoacetate with the unsubstituted propargylic alcohol (entry 1) give any of the [2,
3]-sigmatropic rearrangement products because only one radical center in the diradical
intermediate would be stabilized. In contrast when a donor/ acceptor carbenoid is reacted
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with a highly substituted propargylic alcohol, as in entries 3 and 7, exclusive formation of
the 2,3-sigmatropic rearrangement products is observed. In these cases, both of the radical
centers are stabilized. These conclusions also help rationalize the similar product
distributions trends seen in the reaction of allyl alcohols with donor/ acceptor carbenoids.5a

One should note that we were not able to calculate the exact location of the closed-shell
singlet and triplet states of the allene formation TS-II-B on the potential energy surface of
the reaction. Instead, we estimated upper-limit of energy barriers associated these transition
state by scanning PESs of the reactions: they are ΔEtot = −14.7 and −6.7 kcal/mol,
respectively. Both states of TS-II-B are lower in total energy (ΔEtot) than TS-II-A by −0.1
and −6.0 kcal/mol, respectively, but higher than I-I by 1.7 and 9.4 kcal/mol, respectively.
IRC calculations indicate that the transition state TS-II-B connects I-I with the allene
product P-I as a complex with Rh2(OCOH)4.

Thus, the above presented findings indicate that after formation of YL-I, which requires a
3.3/10.2(12.0) kcal/mol barrier, the overall [2, 3]-sigmatropic rearrangement occurs with no
significant energy barrier. The mechanism predicts that Re-face attack on the carbenoid
would lead to the R-configuration of the quaternary stereocenter in P-I, and this prediction is
consistent with experimental observations for reactions with Rh2(S-DOSP)4.1b

The alternative pathway from YL-I, is proton transfer (to the carbonyl group) that leads to
enol P-II and proceeds via transition state, TS-III. Later, enol P-II could tautomerize to the
formal O—H insertion product. All reactants, transition states and products of this reaction
have a well-defined closed-shell singlet state, i.e. they have no radical character. One should
mention that IRC calculations confirm that TS-III connects P-II with YL-I. Formation of
the enol explains why O— H insertion products are racemic in Rh(II)-catalyzed processes.
The involvement of enol intermediates in the rhodium-catalyzed O—H insertion is in
agreement with previous theoretical calculations on O—H insertion.4

The formation of allene P-I versus O—H insertion is controlled by the relative energetics of
TS-II-A and TS-III, respectively. As seen in Figure 2 (left), the calculated insignificant
energy barrier for [2, 3]-sigmatropic rearrangement for the ylide derived from 21a makes it
favorable over the O—H insertion which requires a +4.9/4.6(5.0) kcal/mol energy barrier.

We also calculated reaction of VC-I with the nonsubstituted propargylic alcohol 6a (Figure
2, right). The overall reaction pathways for 6a are similar to 21a (see Supporting
Information). The reaction of alcohol 6a and VC-I forms PCI, that rearranges to ylide YL-I,
via the transition state TS-I,. The required energy barrier for this process is 4.1/8.2(8.5) kcal/
mol. The intermediate YL-I, undergoes either O1–H1 insertion via transition state TS-III, to
give enol product P-II,, or [2, 3]-sigmatropic pathway via the transition state TS-II-A, to
give intermediate I-I,. The associated barriers for O1–H1 insertion and [2, 3]-sigmatropic
rearrangement are calculated to be 2.7/4.5(4.6) and 2.8/5.6(5.3) kcal/mol, respectively.
Comparison of these barriers for 6a with those reported above for 21a shows that the lack of
two methyl groups did not introduce a significant change in the free energy barrier of the
O1—H1 insertion, whereas it significantly increased the energy barrier for the C2—O1 bond
cleavage step of [2, 3]-sigmatropic rearrangement. Intermediate I-I, possessed similar
ambiguous electronic structure as I-I, however this intermediate became less important
because the barriers at the transition state TSII-A, leading to this intermediate cannot
compete with that at TS-III, leading to enol product P-II’.
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CONCLUSIONS
In summary, we have discovered that the reaction of carbenoids with propargylic alcohols
can lead to a tandem oxonium ylide formation/[2, 3]-sigmatropic rearrangement, instead of
O—H insertion. The reaction is favored when donor/acceptor carbenoids and highly
functionalized propargylic alcohols are used as substrates. A predictive model was
developed on the basis of a detailed computational study that explains the factors that
control the partitioning between the [2, 3]-sigmatropic rearrangement and O—H insertion.
The model also rationalizes the diastereoselectivity observed in these reactions. The most
distinctive aspects of the model include a two-point binding during ylide formation and the
diradical character of the [2, 3]-sigmatropic rearrangement.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mechanism of the reaction of vinylcarbene VC-I with alcohol 21a.
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Figure 2.
Comparison of the important steps of the O-H insertion and [2,3]-sigmatropic rearrangement
pathways for alcohols 6a and 21a, respectively. Schemes are scaled to ΔGsolv. All
energetics presented in this figure are for the singlet states of the intermediates, transition
states and products.
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Scheme 1.
Proposed tandem oxonium ylide formation/[2,3]-sigmatropic rearrangement.
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Scheme 2.
Reaction of diazoketones with propargylic alcohols.
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Scheme 3.
Formation of Cyclic Allenes 14.
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Scheme 4.
Kinetic resolution of 18.

Li et al. Page 15

J Am Chem Soc. Author manuscript; available in PMC 2013 September 19.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Scheme 5.
Cyclization of allenes to dihydrofurans.
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Table 1

Optimization of the asymmetric tandem ylide formation/[2,3]-sigmatropic rearrangement

entry diazo compound propargyl alcohols temp, °C Product (s) yield of 7, % ee of 7,% yield of 8,% ee of 8,%

1 5a 3a 23 7a 50 0 <5 -

2 5a 3b 23 7b, 8b 12 0 42 27

3 5a 3c 23 8c <5 - 61 79

4 5a 3c 0 8c <5 - 85 85

5 5b 3c 0 7d 27 0 <5 -

6 5c 3c 0 7e, 8e ~10 - 59

7 5d 3c 0 8f <5 - 74 96
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Table 2

Reaction of Styryldiazoacetate 9a–e with 2-methyl-3-hexyn-2-ol (6c)a

entry R productb yield, %c ee, %d

1 10a 81 97

2 10b 85 96

3 10c 81 85

4 10d 77 96

5 10e 34 92

a
Standard reaction conditions: 9 (1.0 mmol, 2.0 equiv) in pentane (9 mL) with the minimum amount of toluene required for solubilization was

added to a solution of 6c (0.5 mmol, 1.0 equiv) and Rh2(S-DOSP)4 (0.005 mmol, 1 mol %) in pentane (1 mL) over 1.5 h at 0 °C.

b1H NMR of the crude reaction mixtures revealed that the [2,3]-sigmatropic rearrangement/O—H insertion ratio in each case was >20:1.

c
Isolated yield of 10a-e

d
Determined by chiral HPLC.
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Table 3

Reaction of Styryldiazoacetate 5d with Alcohols 11a-na

entry R productb yield, %c ee, %d

1 CH3 12a 77 96

2 n-C4H9 12b 86 95

3 n-C10H21 12c 88 96

4 12d 60 92

5 12e 78 98

6 12f 51 97

7 12g 66 90

8 12h 84 96

9 12i 72 97

10 12j 59 94

11 12k 44 92

12 12l 79 95

13 12m 44 96

14 12n 37 94

a
The reaction conditions described in Table 2 were used.

b1H NMR of the crude reaction mixtures revealed that the [2,3]- sigmatropic rearrangement/O—H insertion ratio in each case was >20: 1

c
Isolated yield of 12a—n.

d
Determined by chiral HPLC.
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